penicillin per ml for 1 h and then converted to protoplasts, these protoplasts were also able to grow in chemically defined, osmotically stabilized medium. The ability of wall-free protoplasts to grow and to synthesize ribonucleic acid and protein in the presence of a relatively high concentration of benzylpenicillin contrasts with the previously reported rapid inhibition of ribonucleic acid and protein synthesis in intact streptococci. These data suggest that this secondary inhibition of ribonucleic acid and protein synthesis in whole cells is due to factors involved with the continued assembly of an intact, insoluble cell wall rather than with earlier stages of peptidoglycan synthesis.
U-til recently, cell walls of Streptococcus mutans have been considered to be refractory to enzymatic hydrolysis (5) . Exposure of cells of various strains of this species to hen egg white lysozyme (EC 3.2.1.17) failed to result in their dissolution. This refractoriness provoked the development of several techniques involving the addition of high concentrations of salt (16) , high pH (20) , or detergents (2, 4) to cause lysis of lysozyme-treated cells. The search for enzymes capable of hydrolyzing cell walls of strains of S. mutans resulted in the observations that the L- 11 enzyme of a Flavobacterium sp. (12) , the Chalaropsis B muramidase of Hash (8; M. Mychajlonka, personal communication), the M-1 enzyme of the mutanolysin complex from Streptomyces globisporus 1829 (26) , and the lytic enzyme from Streptomyces griseus H-402 (27) could act on cell walls and, in some cases, intact cells of S. mutans. However, a method to convert cells of S. mutans into spherical, osmotically fragile protoplasts has not yet been accomplished. The preparation of, and possible growth of, osmotically fragile, wall-free protoplasts provide opportunities for many types of studies (22) , some of which cannot be otherwise accomplished. We report here the conversion of S. mutans BHT into protoplasts, their growth in chemically defined medium in a balanced fashion, and the effects (or lack of effects) of inhibitors of peptidoglycan and protein synthesis on the growth of these protoplasts.
S. mutans provides a system for study in which the inhibition of cell wall synthesis by an antibiotic such as penicillin does not result in the death or lysis of the cell (14, 15, 20) . Previous work in this laboratory demonstrated that inhibition of peptidoglycan synthesis upon exposure of S. mutans FA-1 or GS-5 to high concentrations of benzylpenicillin (Pen G) was followed by rapid inhibition of protein and RNA synthesis and much more delayed inhibition of DNA synthesis and accumulation of intracellular iodophilic polysaccharide (14, 15) . A similar profile of inhibitions was observed when S. mutans BHT was exposed to this antibiotic (T. McDowell, personal communication). On the other hand, it has long been known that cellular growth of bacterial protoplasts such as those from Bacillus megaterium (7, 28) and Streptococcus faecalis (21) is not affected by penicillin.
This report is divided into two sections. In the first, a new technique for the formation and growth of protoplasts from S. mutans BHT is described. Then, the effects of Pen G on the growth of these protoplasts are examined. Attainment of osmotic fragility during incubation at 370C was monitored at intervals by measuring residual turbidity at 675 nm on a Spectronic 20 spectrophotometer after dilution of 0.05 ml of cell suspension into 2.0 ml of 10 mM sodium phosphate, pH 7.0, followed by agitation on a Vortex mixer for 15 s. Also, the suspensions were observed with a Zeiss phasecontrast microscope.
Growth of protoplasts. Protoplast suspensions were inoculated to a concentration of approximately 3.5 x 108 cells per ml (200 AOD) into nepheloflasks containing prewarmed FMC supplemented with 15 mM NaHCO3, 1 mM L-cysteine, and 0.5 M NH4Cl (protoplast growth medium; PFMC). During incubation at 370C, the turbidity of the cultures was monitored, and the suspensions were inspected by phasecontrast microscopy.
Measurement of radioactivity. Samples (1 ml) of streptococcal and protoplast cultures were added to 5.0 ml of 10% trichloroacetic acid in an ice bath. After at least 30 min at 00C, precipitates were collected on 2.4-cm-diameter glass fiber GF/C filters (Whatman) and washed twice with 5.0 ml of 95% ethanol. The filter disks were transferred to glass vials, and precipitates were treated with 0.5 ml of NCS tissue solubilizer (Amersham, Arlington Heights, Ill.) for 2 h at 500C. Samples were counted in 4.5 ml of scintillation fluid containing 4 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis-2-(5-phenyloxazolyl)-benzene per liter of toluene. Vials were counted under conditions for dual labeling in an SL 32 liquid scintillation spectrometer (Intertechnique), and counts were converted to disintegrations per minute as previously described (15, 18) .
Rhamnose assay. Total rhamnose in streptococci and protoplasts was determined colorimetrically by a semi-micromodification (9) of the method of Dische and Shettles (3). During incubation with M-1 enzyme at 37°C, 1-ml samples of cell suspension were withdrawn at various times, quickly chilled on ice, and then centrifuged at 18,000 x g for 10 min. Pellets were washed twice with 10 ml of 0.5 M NH4C1 and recentrifuged as above. Cells or protoplasts were resuspended in 1.5 ml of deionized, distilled water, homogenized in a Teflon tissue grinder, and assayed for total rhamnose with D-rhamnose (Pfanstiehl) and D-glucose as standards.
Electron microscopy. Streptococcal and protoplast cultures were fixed and embedded for thin-sectioning by a modification of the method of Higgins (10) . Samples (ca. 1010 cells) were initially fixed in 0.1% glutaraldehyde for 25 min at 370C and then centrifuged at 7,900 x g for 10 min. The pellets were then resuspended to their original volume in 1.0% glutaraldehyde and incubated for 60 min at 370C. The remainder of the procedure has been described previously (10 cells to the supernatant solution was also used as a direct measure of cell wall dissolution (Fig.  1) . Rhamnose is a component of the cell wall of certain streptococci, including S. mutans (1) . As expected, release of rhamnose from the cells was somewhat slower than attainment of osmotic fragility, since cellular osmotic fragility requires only a relatively minimal damage to the integrity of an intact wall (11, 13) , whereas rhamnose is an indicator of the residual presence of cell wall material on the cell surface.
Examination by phase-contrast microscopy of suspensions undergoing protoplast formation showed the gradual conversion of typical streptococcal cells (usually as diplococci or in chains) to individual, spherical forms. Electron micrographs of thin sections showed that in contrast to the initial suspension which contained streptococci surrounded by a typical cell wall ( Fig.  2A) , after 30 min of exposure to M-1 enzyme there was an absence of cell wall material on spherical bodies (Fig. 2B) , except for its presence on an occasional cell (<5%) in the population.
By using the conditions for forming protoplasts described above, cells of S. mutans BHT harvested in either late-exponential or stationary phase could also be converted to osmotically fragile protoplasts, but attainment of maximal osmotic fragility occurred at about one-fifth the rate of that observed for mid-exponential cells. (Fig. 3A) and which was probably due to swelling of the protoplasts (18) , was followed by parallel exponential increases in culture turbidity (AOD) and in the incorporation of appropriate labeled precursors into protein, RNA, and DNA. The rate of protoplast growth decreased about 3.5 h after inoc- (0) byprotoplasts ofS. mutans BHT in chemically defined, osmotically stabilized medium in the absence (A) or presence (B) ofPen G (5 pg/ml) added at zero time. Cells were grown in the presence of 3H-or '4C-labeled precursors and then converted to protoplasts as described in the text. Protoplasts were then inoculated into the protoplast growth medium containing the same specific activity of radiolabeled precursors. At specified intervals, 1.0-ml samples of cultures were withdrawn and measured for content of cold trichloroacetic acid-precipitable radioactivity. the increase in turbidity reached a plateau which was 2.5 times the initial turbidity.
Melezitose (0.5 M) was the osmotic stabilizer used for forming protoplasts, and 0.5 M NH4Cl was used in the PFMC to stabilize the growing protoplasts. This procedure was employed because, although protoplasts were osmotically stable in 0.5 M melezitose for up to 24 h, when this concentration of trisaccharide was used as a stabilizer for growth of the protoplasts, a markedly reduced rate of increase in turbidity was observed. Alternatively, since the activity of the M-1 enzyme is quite sensitive to high ionic strength (26), NH4Cl was not suitable as an osmotic stabilizer for the formation of protoplasts. The concentration of NH4Cl (0.5 M) in protoplast growth medium was used, because 0.33 or 0.66 M NH4Cl failed to prevent lysis of protoplasts in growth medium.
In initial experiments, growth of protoplasts was erratic. Examination of medium components and supplements revealed that addition of 1 mM L-cysteine to the protoplast growth medium resulted in a reliable and reproducible system. It is of some interest to note that the addition of L-cysteine was previously observed (23) to increase the growth yield of strains BHT and OMZ-9, but not of two other strains of S. mutans. D-Cysteine, DL-homocysteine, dithiothreitol, or sodium thioglycolate could substitute for L-cysteine. Routinely, L-cysteine was added to the PFMC as well as to FMC (cell growth medium).
The addition of 5 jig of Pen G per ml to cultures of growing protoplasts had no apparent effect on the rates or extent of increase in turbidity, protein, RNA, or DNA (Fig. 3B) . The same results were obtained for increase in turbidity if Pen G was added to the culture 1 h after inoculation instead of at zero timne. In contrast, the addition of chlortetracycline (20 ,tg/ml) to protoplasts in PFMC completely inhibited increase in turbidity; instead, a gradual, slow lysis of protoplasts was seen (data not shown).
Is Pen G inactivated by protoplast growth conditions? Low concentrations (0.4 ,ug/ml) of Pen G inhibit growth, peptidoglycan, RNA, and protein synthesis of cultures of intact streptococci of several strains of S. mut'ans (15) .
Thus, consideration was given to the possibility that this drug could be rapidly inactivated by, for example, the high salt concentration present in PFMC. However, as shown in Fig. 4 Reversibility of Pen G inhibition. Previous studies (15) showed that cultures of S. mutans FA-1 could recover from exposure to Pen G. Therefore, it was of interest to see whether Pen G-treated cells of S. mutans BHT could be converted to protoplasts and whether these protoplasts could still grow. An exponentially growing culture was treated with 5 1ig of Pen G per ml for 50 min, converted to protoplasts as described above, and divided in two; one portion was then incubated in PFMC in the presence of 5 ,tg of Pen G per ml, and the other was incubated in the absence of the drug (Fig. 5) (Fig. 3) .
Selection of appropriate osmotic stabilizers and other conditions involved many choices and preliminary investigations. Limitations were imposed by the capacity of many strains of this species to ferment (and therefore to be permeable to) potential solutes. The use of polyethylene glycols was eliminated because of their ability to aggregate cells and protoplasts and to accelerate fusion of wall-free forms (19) . This series of studies resulted in the use of melezitose to provide osmotic stabilization in the protoplast buffer.
Melezitose VOL. 143, 1980 unknown reasons, protoplast growth in the presence of this trisaccharide was very slow. A survey indicated that NH4Cl used previously for stabilizing protoplasts (18) and L-forms (6) of enterococci was suitable for growing protoplasts of S. mutans. At a concentration of0.5 M NH4C1, the turbidity of both protoplast and streptococcal cultures increased at similar rates ( Fig. 3 and   4 ).
The presence of only a very small residue of rhamnose (Fig. 1) and the absence of a visible cell wall layer on the spherical, membrane-limited bodies after incubation of cells in P buffer with M-1 enzyme (Fig. 2) , plus the apparent inertness of these forms to the growth inhibitory effects of Pen G, are consistent with the absence of cell wall material on these protoplasts.
The results presented here indicate that growing protoplasts can continue to synthesize DNA, RNA, and protein in a balanced fashion in the presence of Pen G. These observations contrast with previously reported data indicating that the inhibition of cell wall peptidoglycan synthesis in growing cultures of cells of S. mutans by a variety of inhibitors of peptidoglycan synthesis is rapidly followed by inhibition of RNA and protein synthesis (14, 15) . The secondary, rapid inhibition of RNA and protein synthesis has been considered to be involved in the mechanism by which these organisms are tolerant to the lytic and lethal effects of these drugs (15, 25) . Taken together, the two sets of results suggest that the secondary consequences of Pen G and the other drugs on RNA and protein synthesis require the presence of, or the inhibition of further assembly of, an insoluble and shapemaintaining cell wall peptidoglycan or both. Inhibition of synthesis of macromolecular soluble peptidoglycan, probably occurs during growth of protoplasts of S. mutans even in the presence of penicillin, as it does during growth of other streptococcal protoplasts (17) , but this does not affect RNA and protein synthesis. It remains possible that inhibition of expansion of a spaceand volume-limiting cell wall surface could be the limiting element resulting in the turn-off of RNA and protein synthesis. However, the speed with which inhibition of RNA and protein synthesis occurs and the continued synthesis in streptococcal forms of DNA and glycogen-like intracellular polysaccharide make it seem more likely that assembly of an insoluble cell wall peptidoglycan, of an appropriate size and shape, can "talk back" to the synthesis of informational macromolecules by some sort of regulatory mechanism, perhaps involving a low-molecularweight component as a signal.
